Quantitative PCR (qPCR) is widely used in biology and medicine to quantify target sequences of interest. The desired endpoint is an absolute or relative measure of the number of target sequences in the sample, but the actual endpoint provided by qPCR is only a measure of the number of intact, amplifiable target sequences. The difference between these two endpoints depends on the extent of damage to the DNA in the sample. Damage may occur in vivo or during sample collection, transport, storage, and processing; its nature and magnitude will usually be unknown when the sample is analyzed. To obtain an accurate qPCR result, the number of amplifiable target sequences needs to be converted to the total number of target sequences, and this requires determination of the proportion of target sequences that are amplifiable (the amplifiable fraction, or AF). In a clinical setting, an accurate result is essential: for example, when a decision to perform a marrow transplant rests on the level of minimal residual disease (MRD), the utmost accuracy is required.
Several different approaches, each with its own assumptions, have been used to assess DNA damage. (i) An external reference sample may be used, a reference sequence quantified in it and in the test sample, and either a conclusion made that the test sample is sufficiently intact for analysis, or the qPCR result corrected using the ΔΔ cycle threshold (Ct) method (1) . This approach assumes that the AF of the reference sequence in the reference sample is known, and it ignores any difference in length between the reference sequence and the target sequence.
(ii) The standard curve for qPCR may be constructed using the target sequence in an external standard sample; this assumes that the AF is the same in the standard and test samples. (iii) The standard curve may use a standard sequence in the test sample; this assumes the standard and target sequences have the same AF, which is only true if they have the same length.
We have developed a general quantitative approach to the problem of DNA integrity, which avoids the above assumptions. If the lesions in DNA that prevent amplification occur randomly, then the Poisson distribution will describe their number in a given length of DNA. The mean number of lesions per base then provides a simple measure of DNA integrity. The AF of a target sequence can be calculated from this number and the target length.
The nature of many physical and chemical agents that act on DNA suggests that their effect on qPCR targets is approximately random, and most researchers using qPCR to study the effect of various DNA-damaging agents have assumed the Poisson distribution when interpreting differences in the number of a target sequence between damaged DNA and undamaged control DNA (2, 3) . In terms of experimental data, DNase and UV irradiation were observed to produce random DNA lesions (4,5). Deagle et al. (6) studied highly degraded DNA by qPCR, and observed that the number of target amplicons declined exponentially with target length. The authors suggested that the occurrence of random lesions in DNA impaired PCR amplification and could be described by the Poisson distribution. Colotte et al. (7) developed a similar model in which the occurrence of random lesions was described by the binomial distribution, to which the Poisson distribution approximates, and described how DNA degra-Optimal accuracy of quantitative PCR (qPCR) requires correction for integrity of the target sequence. Here we combine the mathematics of the Poisson distribution and exponential amplification to show that the frequency of lesions per base (which prevent PCR amplification) can be derived from the slope of the regression line between cycle threshold (Ct) and amplicon length. We found that the amplifiable fraction (AF) of a target can be determined from this frequency and the target length. Experimental results from this method correlated with both the magnitude of a damaging agent and with other measures of DNA damage. Applying the method to a reference sequence, we determined the values for lesions/base in control samples, as well as in the AFs of the target sequence in qPCR samples collected from leukemic patients. The AFs used to calculate the final qPCR result were generally >0.5, but were <0.2 in a few samples, indicating significant degradation. We conclude that DNA damage is not always predictable; quantifying the DNA integrity of a sample and determining the AF of a specific qPCR target will improve the accuracy of qPCR and aid in the interpretation of negative results. dation could be quantified using this model. However neither group excluded the possibility that a decline of PCR amplification efficiency with increasing target length could have explained their observations, and neither group expressed their model in a form simple enough to enable its practical use with routine qPCR.
For some years, we have used PCR to quantify MRD in human leukemia. Early studies used limiting dilution (digital) PCR, which both quantified MRD and measured the AF of a reference sequence (8, 9) . The analysis assumed that DNA lesions occur randomly and are described by Poisson statistics. When we changed to real-time qPCR, we continued with these assumptions. In the present study, our aim was to develop a practical method for incorporating measurement of DNA integrity into qPCR assays. We combined the mathematics of the Poisson distribution and of exponential PCR amplification, in order to derive, by qPCR, the frequency of DNA lesions and the AF of a sequence of interest. To provide further experimental evidence for the Poisson hypothesis and determine whether qPCR could determine degradation adequately, we first optimized qPCR conditions to ensure that amplification efficiency was independent of amplicon length over the range of lengths studied. We then used qPCR to quantify DNA damage. Finally, we used the measurement of DNA integrity to improve laboratory measurement by qPCR.
Materials and methods

Mathematical analysis
The following relationships can be derived by assuming that DNA damage occurs randomly, so that the frequency distribution of lesions in a DNA target follows the Poisson distribution and that amplification in real-time qPCR is exponential. The full derivations are given in the Supplementary Materials.
The overall integrity of a DNA sample can be described by r, the mean number of lesions/base in the DNA. If a number of DNA targets each of different length, l, are amplified and the number of amplicons increases with each PCR cycle by a factor of a (the amplification efficiency), then there will be a linear relationship between Ct • log e a and l with the slope being r. Use of this relationship is simplified if a reference system is chosen such that a is the same, irrespective of amplicon length, and its value is known. Then, using the slope of the linear relationship between Ct and l, r = slope • log e a.
[Eq. 1]
For a particular target, the fraction of sequences that are intact and amplifiable, the AF is given by
[Eq. 2]
The AF of a target sequence in a test sample may therefore be obtained by studying a reference sequence in the test sample, determining Ct values for amplicons of different length, using Equation 1 to determine the value of r, and then Equation 2 to determine the AF of the target sequence.
An extension of this approach is to accurately determine, in advance, the AF of a reference sequence in an external reference sample and, in the assay, to amplify a single length of the reference sequence in both the test sample and the external reference sample. The AF of the reference sequence in the test sample can then be determined by applying the ΔΔCt method to the Ct results, and the AF of the target sequence can then be determined from the relationship monitored using a TaqMan hydrolysis probe. Segments of 70-521 bp were amplified using a standard upstream primer and various downstream primers. The sequences for the primers and probe are given in Supplementary Table S1 in the Supplementary Materials. The PCR protocol was designed for optimal amplification efficiency and involved the use of dTTP rather than dUTP, high concentrations of magnesium and dNTPs, and, importantly, prolonged annealing and extension times. Amplification was in 25 μL containing 50 ng each primer, 1 U Platinum Taq DNA polymerase (Invitrogen, Carlsbad, CA, USA), and 2 mM Tris-HCl, pH 8.4, 50 mM KCl, 5 mM MgCl 2, and 300 μM each of dATP, dTTP, dCTP, and dGTP. Conditions were 96°C for 120 s, then 50 cycles of 94°C for 15 s, 55°C for 90 s, and 72°C for 60 s. Three or four replicates were used for each data point.
Samples of blood or marrow were collected into EDTA and stored at -80°C. Unless otherwise stated, DNA was extracted using a Qiagen FlexiGene DNA blood kit (Qiagen), and stored at -80°C. For studying genomic DNA, two or three different masses of 2-200 ng were used. DNA was diluted in Maxymum Recovery Tubes (MCT-150-L-C; Axygen, Union City, CA, USA). Amplification efficiency, a, was determined for sequences up to 521 bp, but usually for 70, 136, 231, 293, and 397 bp. Each sequence was amplified in several different masses of DNA, the slope of Ct versus log e mass determined, and a calculated as e -1/slope . The value of r in a sample was determined from the slope of the linear regression line relating Ct to amplicon length, when different amplicons were amplified using the same mass of DNA.
DNA degradation
DNA was degraded to various degrees by either heat, DNase digestion, or acid lysis. The methods are described in the Supplementary Materials.
Results and discussion
Amplicon length and amplification efficiency No relationship between amplicon length and amplification efficiency was evident when amplification efficiency was studied in 11 experiments amplifying sequences of N-RAS as described and using DNA from healthy individuals (Figure 1) . The mean amplification efficiency/cycle was 1.98 (95% confidence interval = 1.95-2.01) and this value was used for all subsequent studies. A constant value of 0.68 was therefore able to be used for log e a in Equation 1 when quantifying DNA integrity.
To determine whether the amplification protocol identified a lack of a relationship between amplicon length and amplicon efficiency for systems other than N-RAS, four different regions of the BCR gene were studied in a total of seven experiments. In each experiment, the difference between the amplification efficiency of a short sequence (151-175 bp) and that of a longer sequence (294-346 bp) was determined. For the seven experiments, the mean difference in amplification efficiency was 0.0157, with the standard error being 0.0101. This difference was not significant, indicating either that there was no true difference in amplification efficiency or, if there was, that it was negligible.
Induced DNA degradation
The hypothesis that lesions in DNA occur randomly and are described by the Poisson distribution predicts that there should be a linear relationship with a positive slope between Ct and amplicon length, as well as a linear relationship between the magnitude of the DNA damaging agent and the magnitude of the observed effect.
Five experiments studied heat damage, and Figure 2 , A and B, shows the results of one. These experiments yielded 19 regression lines between Ct and length. Eighteen had a positive slope (P = 3.8 × 10 -5 , sign test). For eight, the slope differed significantly from zero: six with P < 0.05, one with P < 0.025, and one with P < 0.005. The experiments yielded five regression lines relating lesions/base and duration of heating. All five had a positive slope: for four, the value differed significantly from zero: P < 0.05 for one, P < 0.025 for two, and P < 0.005 for one.
Three experiments studied DNase, and Figure 2 , C and D, shows the results of one. These experiments yielded 13 regression lines for the relationship between Ct and length. All had a positive slope (P = 1.2 × 10 -4 , sign test). For five, the slope differed significantly from zero: two with P < 0.01 and three with P < 0.05. The experiments yielded three regression lines relating lesions/base to concentration of DNase; all had a positive slope. For two, the value differed significantly from zero: P < 0.01 for one and P < 0.005 for one.
We concluded that the results are consistent with both predictions of the Poisson hypothesis and that the integrity of DNA in a sample can be satisfactorily quantified by performing qPCR to amplify target sequences of different lengths.
Degraded samples: relationship between DNA integrity and experimental results We tested our model further to determine whether measures of integrity derived from it correlated with measures of integrity derived by other means. Electrophoresis can be used to assess DNA integrity. Electrophoresis performed under alkaline denaturing conditions on DNA degraded to various extents by DNase or acid lysis showed good correlation between the mean fragment size (calculated as the reciprocal of the number of lesions/ base) and the observed fragment size at the point of maximum fluorescence on the gel (see the Supplementary Materials).
When control undamaged DNA is available, the DNA integrity in a damaged sample can be determined from the Ct difference between the damaged and undamaged DNA (2,3). For various samples of control and damaged DNA, we determined the number of lesions/base using the N-RAS gene and our model, and also determined the number of lesions/base for four different sequences of the BCR gene by using the Ct difference between the control sample and the damaged sample, ΔCt; the amplification efficiency, a, of these four sequences, which had previously been determined; the length, l, of the sequence; and the formula ΔCt • log e a/l to calculate lesions/base. The results, shown in Figure  3 , show good correlation between these two methods for measurement of DNA integrity.
DNA integrity in control DNA
Values for lesions/1000 bases (r), for DNA from hematologically normal individuals are shown in Figure 4 . In 23 experiments using carefully collected and processed genomic DNA from four healthy volunteers, the mean ± 1 se for r was 0.13 ± 0.086 (difference from zero, t test, P < 0.1).
In 40 experiments using 20 randomly collected blood samples from healthy volunteers (used as controls in experiments measuring levels of MRD), the mean ± 1 se for r was 0.94 ± 0.21 (difference from zero, P < 0.001). For 18 marrow samples collected via thoracotomy from hematologically normal volunteers (used as controls in experiments measuring levels of MRD), the mean ± 1 se for r was was 3.15 ± 0.58 (difference from zero, P < 0.0001). Excessive damage to DNA presumably occurred during collection or subsequent processing.
The precision of measuring DNA integrity was determined by studying DNA from a healthy volunteer. One sample was unheated, one was heated at 99°C for 20 min, and one was heated at 99°C for 30 min. Aliquots of each sample were held at -80°C, and one aliquot from each sample was thawed and assayed each day for eight instances. The mean values of r for the three samples were 0.37 × 10 -3 , 3.7 × 10 -3 , and 5.7 × 10 -3 , respectively. The mean AF for a 200-bp target was calculated to be 0.93 (0.092), 0.48 (0.038), and 0.32 (0.052), respectively (sd is noted in parentheses).
DNA integrity and quantification of test samples by qPCR
When quantifying a target by qPCR, the amplifiable fraction of the target sequence is required, and it can be determined either by (i) amplifying different lengths of a reference sequence and applying Equations 1 and 2 or (ii) using an external reference sample for which DNA integrity has been determined, amplifying a single length of a reference sequence in the test and reference samples, and applying Equation 3. In either case, it is important to use an amplification protocol that is the same as or similar to that used in the present study in order to ensure that amplification efficiency is constant, unaffected by sequence length, and preferably close to 2. Use of an external reference sample to measure integrity is the simplest approach for routine use, particularly if multiple samples are being assayed, as only one measurement on the test sample is required. However, the alternative of measuring integrity by amplifying different lengths of the reference sequence in the test sample, although more laborious, does enable measurement of a reference sequence in the test and an external reference sample to be used to provide an independent measure of the mass of DNA being assayed.
Measurement of MRD in leukemia is an example of the use of AF in qPCR. Using patient-specific disease marker sequences and qPCR, 233 independent MRD measurements were performed on 115 marrow samples from 26 children with acute lymphoblastic leukemia (ALL) (10) , and 76 independent MRD measurements were performed on 38 blood samples from 24 patients with chronic myeloid leukemia (CML) (11) . Each MRD estimation involved performing a standard curve using the marker sequence in the diagnosis marrow, quantifying the marker sequence in the test sample against the standard curve, determining the AF of the marker sequence in the diagnosis (AF d ) and test (AF t ) samples, and multiplying the quantified value for the marker sequence in the test sample by the ratio AF d /AF t . The AF was determined either by using three N-RAS reference sequences 70, 231, and 397 bp in length (more recently just the 70-and 397-bp sequences), and using Equations 1 and 2, or by using an external reference sample for which the AF of the 70-bp N-RAS reference sequence had been previously determined, and using Equation 3. All MRD measurements included appropriate controls (10, 11) including spiking controls to exclude PCR inhibition. For the ALL marrow samples, the median AF was 0.81, but the AF was <0.2 in 4% of samples, indicating significant degradation in a few samples; for the CML peripheral blood samples, the median AF was 0.84, and the lowest AF was 0.44; for the CML diagnosis marrow samples, the median AF was 0.84, and the lowest AF was 0.36. The median value of the AF for each of the three groups of samples was significantly less than 1 (P < 0.001, Wilcoxon rank-sum test).
In another study of ALL, cells were recovered from marrow smears stored on microscope slides, and the DNA was extracted by the use of proteinase K/phenol/chloroform. The DNA was heavily degraded in most samples, as the AF of the target sequences ranged between 0.001 and 0.72 with a median of 0.18. Most of these samples were discarded, and alternative samples were obtained.
The results of measurement of DNA integrity in the various samples suggested that DNA integrity is usually well maintained when collection and processing of the sample is well controlled. In this situation, failure to correct for DNA damage would be unlikely to lead to a >2-fold error in the qPCR result, an error that might well be acceptable in practice in many situations. However, the observations on the marrow samples collected at thoracotomy or stored on microscope slides showed that substantial DNA damage can sometimes occur. Furthermore, the results in a minority of the ALL samples showed that significant DNA damage can occasionally be present in samples apparently collected under good conditions.
Even for samples collected under optimal conditions and showing minimal DNA damage, the results suggested that for every ~8000 bases, there is a lesion that prevents polymerase extension. This level of DNA damage is unlikely to be present in vivo and at least most of the observed damage had probably occurred during the process of collection, storage, or processing of the sample. Our unpublished data, involving limiting dilution analysis of denatured and undenatured DNA, have suggested that this damage is mainly due to double-strand lesions, probably double-strand breaks. Electrophoresis of degraded samples likewise suggested that damage was mainly due to double-strand breaks (see the Supplementary Materials).
When the MRD estimation on a sample gave a negative result, the AF of the target in the sample and the mass of DNA used in the assay were used to calculate that value for MRD that would result in one amplifiable target in the mass of DNA analyzed. The negative result was then reported as less than this MRD value. Expression of a negative result in this way improved interpretation, as it quantified the potential limit of detection for that sample and enabled the upper limit for negativity to be defined. This general approach to interpretation of a negative result requires that PCR inhibition not be present.
